Age-related macular degeneration (AMD) is a common condition among the elderly population that leads to the progressive central vision loss and serious compromise of quality of life for its sufferers. It is also one of the few disorders for whom the investigation of its genetics has yielded rich insights into its diversity and causality and holds the promise of enabling clinicians to provide better risk assessments for individuals as well as to develop and selectively deploy new therapeutics to either prevent or slow the development of disease and lessen the threat of vision loss. The genetics of AMD began initially with the appreciation of familial aggregation and increase risk and expanded with the initial association of APOE variants with the disease. The first major breakthroughs came with family-based linkage studies of affected (and discordant) sibs, which identified a number of genetic loci and led to the targeted search of the 1q31 and 10q26 loci for associated variants. Three of the initial four reports for the CFH variant, Y402H, were based on regional candidate searches, as were the two initial reports of the ARMS2/HTRA1 locus variants. Case-control association studies initially also played a role in discovering the major genetic variants for AMD, and the success of those early studies have been used to fuel enthusiasm for the methodology for a number of diseases. Until 2010, all of the subsequent genetic variants associated with AMD came from candidate gene testing based on the complement factor pathway. In 2010, several large-scale genome-wide association studies (GWAS) identified genes that had not been previously identified. Much of this historical information is available in a number of recent reviews. (Chen et al., 2010b; Deangelis et al., 2011; Fafowora and Gorin, 2012b; Francis and Klein, 2011; Kokotas et al., 2011) Large meta analysis of AMD GWAS has added new loci and variants to this collection. (Chen et al., 2010a; Kopplin et al., 2010; Yu et al., 2011) This paper will focus on the ongoing controversies that are confronting AMD genetics at this time, rather than attempting to summarize this field, which has exploded in the past 5 years. Keywords molecular genetics; Age-related macular degeneration; Association studies; Family-based linkage; Risk factors; Genetics-based therapeutics © 2012 Elsevier Ltd. All rights reserved.
Genetic Risk Factors for AMD

Family-based linkage and case-control association studies
It is widely reported that the genetic variants associated with AMD account for approximately 70% of the risk for the condition. (Seddon et al., 2009a; Spencer et al., 2011) In some studies the population attributable risk of multiple variants for AMD is as high as 87%. (Gibson et al., 2010) The contributions of genetics to AMD are largely based on odds ratios estimated from case-control association studies that are not exactly equivalent to relative risks. These estimates are primarily based on the cumulative contributions of common variants or SNPs on AMD risk but fail to capture the more elusive effects of many rare variants that may have a major impact on disease risk. Family-based studies have shown that the relative risk to a first degree relative is approximately 6-12 times higher than that of the general population and that some families confer greater degrees of recurrence risk to relatives than others. (Klaver et al., 1998) One of the most important aspects of the genetics of AMD is that the current evidence for the basis for the genetic risk for individuals with a positive family history of AMD is very similar to the genetic risk factors that have been identified in persons with no known affected individuals within their families. Highly penetrant, rare variants may yet be responsible for some AMD families but we have only just begun to explore this avenue. To date, only one large AMD family has been attributed to mutations in a gene on 1q25.3, hemicentin-1 (HMCN1), which is not a major contributor to AMD risk based on case-control association studies. However, even in that family, it is impossible to be sure if the hemicentin-1 mutation was responsible for the disease, since that gene is in high linkage disequilibrium with the CFH locus on Chromosome 1q31 and thus one can't exclude another gene and mutation from causality. The recent report of a rare variant in the CFH gene that has been associated with hemolytic uremia syndrome and which has been found in a number of individuals with non-syndromic AMD, gives support to the existence of highly penetrant rare variants, but the extent to which this variant or similar ones in the CFH gene contribute to familial AMD cases is unknown.
While we know that two loci based on common SNP associations contribute to the greatest AMD risk (1q31 and 10q26), there is evidence from increasingly large case-control association studies to either confirm the association with other genes that have been implicated as candidate genes or identify novel loci as well as to suggest that there is genetic variation buried within the GWAS studies that contributes to AMD risk but which we cannot easily identify because of lack of a sufficient signal to be detected as statistically significant. For a GWAS case-control design the accepted threshold of significance is a pvalue of less than 5 × 10 -8 , dependent on the SNP platform. The list of AMD-associated variants and genes has continually grown during the past three years and has been summarized by a number of reports and recent reviews. (Chen et al., 2010b; Deangelis et al., 2011; Fafowora and Gorin, 2012a; Katta et al., 2009) In this brief review, we have purposely not provided the various odds ratios that have been reported for the various AMD-related gene variants. These values are constantly shifting and vary based on the population that is studied as well as the phenotypic features of the AMD. More importantly, while odds ratios from case-control association studies are relevant to the relative magnitude of the impact that a particular variant may contribute to the risk of AMD, they are not equivalent to true measures of relative risk and are only a proxy for the population-based estimates of relative risk. Secondly, the odds ratios for a given variant and gene are not reflective of the importance of that gene with respect to the pathogenesis of AMD. There are likely to be genes whose protein products are critical to the development and progression of AMD but for which there are no common variants that impact its function. Alternatively a gene may greatly influence AMD risk as a result of numerous, rare variants that would be overlooked by even a large case control association study. While we would not discount that both CFH and the ARMS2/HTRA1 loci are major contributors to AMD risk and pathogenesis, some genes with much smaller odds ratios and larger p-values (assuming that they are still below the significance level) may still be appropriate targets for rare variant analyses and as targets for therapeutic interventions.
We do provide the Ensembl cytogenetic band locations for most of the genes cited within this review because in many cases, the evidence for an association of the gene with AMD has come from one or more SNPs within that region. Thus one can't exclude the possibility that other genes within those regions could be responsible or contribute to the observed association or linkage signal. These locations serve as a reminder that, in the absence of biological confirmation (which is available for only a limited number of AMD-related genes), an association with a SNP, whether in a family or in a case-control cohort, represents a genetic susceptibility location but does not necessarily imply that the SNP is causative.
The latest results are those emerging from a large, international collaborative effort, The AMD Gene Consortium project, comprised of 18 research groups. The study pooled GWAS data involving >7,600 cases and >30,000 matched controls and then collaborated on a replication effort of 32 SNPs involving >9,200 cases and >8,000 controls to achieve a composite analysis of >16,900 advanced AMD cases and matched controls. In addition to confirming 12 previously reported AMD susceptibility loci, six new loci were identified. This meta-analysis provides perhaps the best odds ratio estimates and gender difference for the Asian and European populations. Since the results of this work were not available for publication at the time that this review was prepared, the reader is referred to the upcoming publication from this group for details regarding p-values, odds ratios, risk prediction models, expression and pathway analyses, as well as ethnic and gender differences based upon the largest combined AMD genetic study to date. One goal of this collaborative effort is to strengthen the evidence for (or against) associations with previously reported loci. Thus a number of the unreplicated or weaker associations that will be cited in this review may ultimately find either greater support or be left without replication within the context of this very large dataset. However it is especially important to remember that the lack of evidence of an association in this European and Asian cohort may not eliminate the possibility of association in specific ethnic or geographically isolated groups.
Rare variants in AMD
The most recent efforts in AMD genetics research are now turning to the analysis of rare variants that may have strong implications in AMD pathogenesis. As noted above, the recent report of a rare variant that has been associated with hemolytic uremia and has been found in nonsyndromic cases of AMD would support such efforts, but a great deal more work will be needed to establish the extent to which these rare variants may account for the unexplained genetic contribution for AMD. One major challenge confronting this effort will be how to prove the causality of such rare variants since, by definition, a case-control approach would either have to be massive or would be incapable of providing statistical support of an association without a functional argument to group variants together. There is also the issue that with discovery of rare variants in novel AMD susceptibility genes, one has to consider if the associated phenotype is really a form of AMD or another distinct condition. Boone et al (Boon et al., 2009) found a high number of PRPH2 mutations in a group of patients in the Netherlands with central areolar choroidal dystrophy that can be confused with AMD in elderly individuals. A similar situation arose previously in a large association study relating mutations in the ABCA4 gene to AMD. (Allikmets et al., 1997) There has been considerable debate as to whether this finding was the result of a misclassification of a small group of Stargardt patients (with late onset of disease) as having AMD or if we should consider this a form of genetic heterogeneity for AMD. These distinctions may change as we develop new technologies to distinguish phenotypic features of AMD-related disease.
A majority of the loci reported by multiple family-based linkage studies may be attributable to variants in specific genes that have now been found by candidate gene or genome-wide association studies. ) (see Table 1) However formal testing of associations of these variants with family-based linkage studies has only been done in a few cases. (Jakobsdottir et al., 2008; Jakobsdottir et al., 2005) For the remaining linkage loci that have been reported in one or more family-based studies, one can argue that it is possible that some of the family-based linkage loci that have not been associated with AMD in case-control association studies are simply false-positive signals while other linkage-based loci represent real AMD genetic loci resulting from a sufficient number of rare highly -penetrant variants in those genes to generate a linkage signal but not be detectable using common SNPs in a case-control association design. The question remains whether rare variants in genes that have common variants associated with AMD, such as CFH and other genes in the alternative complement pathway, play a major role in AMD as well as the more challenging situation of rare variants in loci that have been identified in family-based linkage studies but do not reside in any known genes. New methods such as exome sequencing and exome chips, in conjunction with new analytical approaches for the testing of combined effects of multiple rare variants in a gene, may offer another window into this, as yet, unresolved genetic contributions to AMD.
Epistatic effects may also play a role in AMD genetics and consequently mask our ability to detect associations in some case-control cohorts or in family-based linkage or association studies. There are reports of interactions of smoking with genetic loci in AMD risk (AyalaHaedo et al., 2010; DeAngelis et al., 2007; Nakanishi et al., 2010; Schmidt et al., 2006) and the potential for Vitamin D metabolism genes to modify risk. (Morrison et al., 2011; Parekh et al., 2007; Seddon et al., 2011) However not all studies have confirmed the smokinggene interaction. Identifying these effects and the associated genes will be an iterative process as the biology of AMD pathogenesis unfolds.
Nontraditional Genetics of AMD
New technologies are leading to a growing appreciation of the potential for genomic rearrangements, expanding roles of non-transcribed DNA to modify and/or regulate gene expression, regulation and impact of alternatively spliced RNA transcripts, copy number variants, the roles of micro RNA and other non-translated RNA transcripts and epigenetics on the risk and pathogenesis of AMD. To date, we already have identified a number of insertions and deletions that may affect genes that have been implicated in AMD (see the work on the Complement factor H locus and CFH-related genes (Hughes et al., 2006; Kubista et al., 2011; Raychaudhuri et al., 2010; Schmid-Kubista et al., 2009; Spencer et al., 2008) and the ARMS2 transcript ). We know that many of the SNPs that have been identified within GWAS are not within coding regions. While many of these informative SNPs may represent variants in linkage disequilibrium with some other causal variants, methods are being developed to determine if some of these noncoding SNPs are crucial in either the transcription of the transcript, the formation of an alternatively spliced transcript or even a shift in the distribution of multiple, spliced forms of a transcript from the same gene. Copy number variants are being explored for AMD-related genes (Liu et al., 2011; Meyer et al., 2011) and are being analyzed to determine how copy number variants play a role in this disorder. MicroRNAs have been implicated in AMD based on their ability to regulate angiogenesis and their potential role in inflammation. (Kutty et al., 2010) More recently Kaneko et al has suggested DICER1, a microRNA processing enzyme, as a secondary role in the degradation of Alu RNA in the human RPE. In the absence of normal DICER1 activity, the accumulation of Alu RNA in the cell will induce cytotoxicity and result in RPE degeneration in mice. (Kaneko et al., 2011) This observation suggests another novel pathway of potential RPE atrophy that may be related to dry AMD. There is also the potential for epigenetic effects, modifications of DNA such as methylation, that may play a role in AMD pathogenesis. (Suuronen et al., 2007) This area of AMD genetics is in its infancy, in part because the methods have only recently become sufficiently robust to be used with the small samples obtained from eyes and we are gradually overcoming the limitations in obtaining sufficient numbers of human samples for genetic analyses.
Genetics of Disease Progression and Phenotype
Another current question is whether or not genetic variants that predict the occurrence of the disease will contribute differentially to the rate of progression and the phenotypes. While differences have been noted in the relative contributions of genetic variants to the development of either exudative or atrophic AMD (Farwick et al., 2010; Hayashi et al., 2010; Sobrin et al., 2011; Wegscheider et al., 2007) or the types of drusen (Boon et al., 2008; Grassi et al., 2007; Seddon et al., 2009b) , there is no clear consensus or delineation of genetic variants that are predictive of progression to geographic atrophy or exudative AMD.
There have been recent reports of specific genotypes associated with specific AMD characteristics. Andreoli et al (Andreoli et al., 2009 ) conducted a fairly comprehensive survey regarding known AMD-related genetic variants to multiple phenotypic aspects of AMD, including age at diagnosis, visual acuity and clinical features of AMD. They found associations between SNPs within the ARMS2 locus and several clinical features such as age of diagnosis, RPE hyperpigmentation with large drusen and poorer visual acuity but no such associations were noted for SNPs within the CFH locus. However, like in most associations, the separation of genotypes and phenotypes into distinct groups was not observed. At best, these results suggest that different genetic backgrounds may influence the likelihood that a person will have a specific characteristic of the AMD phenotype (including age of onset and rate of progression) but that one can't use a genetic profile to predict the natural history of a person's AMD experience. Smith et al reported an association of macular reticular drusen with the AMD-associated risk allele of rs10490924 in ARMS2 and a negative association with the AMD-associated risk allele of rs1061170 in the CFH gene. Previously, one group had reported that basal laminar drusen appeared to be associated with compound heterozygous variants in the CFH gene (affected individuals had one allele with the Y402H variant and the other CFH allele had either a nonsense, missense, or splice variant. (Boon et al., 2008) Seddon et al (Seddon et al., 2009b) reported an association of peripheral reticular degeneration of the pigment epithelium and extramacular drusen with AMD-associated risk alleles in CFH, but not with those of ARMS2. However in this study, these retinal peripheral findings were reported solely from clinical examinations and not photographically documented, which raises concerns about completeness and accuracy of detection. The implications of these different phenotypes on the progression of AMD and the responses to therapy are still unknown.
While many investigators and clinicians believe that genetics must underlie the determination of whether an individual will develop soft drusen or basal laminar drusen or go on to develop geographic atrophy or a choroidal neovascular AMD, one should appreciate that even for the Mendelian monogenic disorders, we still lack a basic understanding for genetic and epigenetic causes of variable expressivity and pleomorphism, even within families whose affected members share the same primary mutations.
Genetic studies have drawn into question whether or not polypoidal choroidopathy (PCP) is a distinct entity from AMD or simply an alternative phenotype underlying a common pathway of causality. (Fuse et al., 2011; Gotoh et al., 2010; Hayashi et al., 2010; Lima et al., 2010; Nakanishi et al., 2010; Tanaka et al., 2011; Zhang et al., 2011) Recently, there have been reports of genetic variants that are associated with PCP but do not appear to be related to AMD. Similarly there is one report of a SNP in the elastin gene that is associated with AMD in the Japanese population that is not associated with PCP in the same cohort. It should be noted that in multiple Caucasian cohorts, no variants in the elastin gene have been found to be associated with AMD. (Chen et al., 2010a; Kopplin et al., 2010; Neale et al., 2010) However because different ethnic groups have strikingly disparate prevalences of AMD and PCP, the presence or lack of some association with specific SNPs may be more reflective of difference in haplotype frequencies, different causative variants and/or epistatic effects that can occur with different genetic backgrounds. (Hu et al., 2011) 
Biomarkers for AMD -a surrogate for genetic DNA variants?
Due to the implication of the inflammatory and alternative complement pathways in AMD pathogenesis, a number of groups have explored the relevance of serum-based protein markers of inflammation to predict AMD. These include C-reactive protein (Kim et al., 2008; Robman et al., 2010; Seddon et al., 2010) , complement factors (Reynolds et al., 2009; Scholl et al., 2008) , circulating VEGF (Haas et al., 2011) , apolipoprotein B , anti-retinal antibodies (Kubicka-Trzaska et al., 2011) lipid levels , carboxyethylpyrrole (CEP) antibodies (Gu et al., 2010; Gu et al., 2003) , and Vitamin D (Parekh et al., 2007; Seddon et al., 2011) . Several positive associations have been reported. However, it is unclear if these biomarkers reflect only the current state of AMDrelated disease. Are these biomarkers actually reflective of a causal role such that therapies intended to modulate the serum levels of these proteins would have a beneficial impact on AMD progression? There is evidence that combined predictive models for AMD that include diet, smoking, exogenous risk factors, family history, genetic variants and clinical findings can provide insights into the likelihood of progression of advanced disease. Jakobsdottir et al., 2009; Reynolds et al., 2009; Seddon et al., 2009a; Seddon et al., 2011) However, currently there is no evidence that the measurement of biomarkers in the serum of a clinically normal and asymptomatic individual can be used as an effective predictor for the development of AMD or likelihood of disease progression. Visual function (reduced mesopic vision) and retinal structure precursors of AMD have been proposed as early biomarkers for AMD based on their association with high-risk genotype profiles in the absence of clinical manifestations of AMD, but whether these can be replicated in larger, more prospective studies needs further investigation.
Genetic variants are set at the time of conception and are constant throughout life, while biomarkers can reflect the dynamic combination of genetic, epigenetic, environmental and dietary factors that define an individual's vulnerability to disease. Biomarkers, whether they are serum proteins or abnormalities detected by visual function testing or retinal anatomy, are particularly important in AMD because of the possibility that they might be used to monitor the effectiveness of preventive or therapeutic interventions prior to the development of the AMD findings in the eye. Just as many clinicians use serum cholesterol levels to calculate risk of atherosclerotic disease and to monitor the body's response to dietary changes or medications, so do we seek similar biomarkers for AMD. However we face the same controversies and challenges that confront the rest of medicine, as we attempt to show that long-term modification of a biomarker by a controlled intervention will actually have a beneficial impact on the later development of the disease itself. We have to consider the possibility that some biomarkers may be able to serve in this capacity, while others may be more effective and appropriate for monitoring the effectiveness of therapy (such as the use of HbA1c to monitor the effectiveness of blood sugar control in diabetics).
Genetics-based Causality of AMD
Throughout the field of molecular genetics, there is a general consensus as to the criteria by which one establishes whether one or more mutations in a gene as causal (necessary and sufficient) to be responsible for a Mendelian (monogenic) disorder. These criteria include the segregation of the mutation between affected and unaffected family members, the consistency of finding different mutations in the same gene for independent cases, the lack of the mutation in the general population, and evidence of the functional impact of the mutation on either the expression or processing of the gene transcript or the structural and/or functional integrity of the encoded protein. There are similar criteria to address the statistical significance of an association of a variant with a complex genetic disorder including an appropriate correction for multiple testing and replication in an independent cohort. However, in many instances, the common variants that have been associated with AMD are not clearly affecting the function of a gene and/or its protein and, perhaps more importantly, the human genetic studies can't discriminate between the effect of the informative variant and other alterations in the genetic region that are in linkage disequilibrium with that variant. Establishing a genetics-based causality for a gene involved in a complex genetic disorder, particularly when the definition of causality is not based on "sufficient and necessary" but is probabilistic, is an ongoing challenge. As we are now observing in the field of AMD genetics, this challenge must be addressed by a combination of genomic exploration and strategies and methods that includes bioinformatics, biochemistry, cell biology and genetically manipulated animal models. This next section considers how the composite of molecular genetic studies for AMD have contributed to this issue of causality and the work that remains to be done.
Alternative Complement Pathway
The alternative complement pathway is a key part of the innate immune response pathway that is essential for the body to fight infection and to mount a suitable inflammatory response to a number of toxic compounds or infectious agents. There is compelling genetic evidence that the alternative complement pathway plays a key role in the causality of AMD. This conclusion is not based on a particular variant in a single gene, but rather the composite impact of a number of genetic variants that encode proteins for this pathway that contribute either positively or negatively to the risk of developing AMD (see Table 2 ). (Anderson et al., 2010) Complement factor H is a negative regulator in the alternative complement pathway. (Clark et al., 2010; Lauer et al., 2011; Ormsby et al., 2008) However, there continues to be ongoing controversy as to what variants in the CFH locus are actually responsible for the altered functions that lead to either increased or decreased risk of developing AMD. The Y402H variant was originally reported as the common SNP strongly associated with AMD and considerable efforts have been expended to determine its functional consequences on the actions of complement factor H. For example, Weissman et al (Weismann et al., 2011) has reported that the Y402H variant specifically affects the ability of complement factor H protein to bind malondialdehyde a common lipid peroxidation product that has been implicated in AMD. However this CFH variant is in strong linkage disequilibrium with a number of markers in the region (Martinez-Barricarte et al., 2012 ) and more recent casecontrol association studies have indicated that there are high-AMD risk haplotypes covering the CFH locus that do not contain the Y402H variant.
Deletions and copy number variations in Complement factor H-related genes, CFHR1 and CFHR3 and CFHR5, have been reported within high-risk haplotypes for AMD. (Abarrategui-Garrido et al., 2009; Fritsche et al., 2010; Hageman et al., 2006; Hughes et al., 2006; Narendra et al., 2009; Schmid-Kubista et al., 2009{Kubista, 2011 )} Alterations in adjacent, complement factor-related genes could be responsible for the associations. Case-control association comparisons in larger cohorts offer one approach to identify the effects of low prevalence haplotypes that could shed light on causality, but one has to consider that rare variants within these haplotypes could be playing a confounding role. The challenge is how to determine the impact of these mutations in CFH and adjacent genes in the absence of evidence from animal model that truly replicate this multifaceted disease.
A number of other genes within the alternative complement pathway have been shown to have common variants that are strongly associated with AMD risk (protective and nonprotective). These include the complement factor genes, CFI, C3, the C2/CFB locus, and C7. (Dinu et al., 2007) No associations have been reported for complement factor D (Zeng et al., 2010) and conflicting results for the SERPING1-AMD association have been reported in larger case-control studies failing to confirm the initial report of a positive association. (Ennis et al., 2008; Klaver and Bergen, 2008; Kralovicova and Vorechovsky, 2009; Lu et al., 2010; Park et al., 2009) 
Innate immune response pathway -Toll receptors and Chemotactic Cytokines
Given the clear evidence of the involvement of alternative complement pathway in AMD pathogenesis, it is reasonable to consider other players in the innate immune response as having common or rare variants that can contribute to AMD risk. The toll-like receptors (TLR) have been implicated in AMD by a few studies. There are also multiple studies that have failed to replicate any major association with any of the TLR genes. There has been considerable interest in the TLR4 variants , particularly with respect to atrophic AMD, but some efforts have failed to find a significant association (Cho et al., 2009; Despriet et al., 2008; Edwards et al., 2008) One study has shown a positive association for TLR3 specifically for geographic atrophy with protection conferred by the variant, rs3775291 which changes leucine 412 to a phenylalanine but the association could not be replicated by Klein et al . Other studies also failed to find significant associations between TLR3 and any forms of AMD. (Allikmets et al., 2009; Cho et al., 2009; Edwards et al., 2008; Edwards et al., 2009; Sng et al., 2011) Recently, based on a meta analysis and biological studies, Zhou et al suggested that a particular TLR3 variant, C1234T, reduces its protein activity and shows a protective effect on AMD. This is not the same variant used in the other TLR3 association studies. (Cho et al., 2009; Edwards et al., 2009; Klein et al., 2010; Kleinman et al., 2008; Lewin, 2009; Liew et al., 2009; Sng et al., 2011) Chemokine (C-C motif) ligand 2 (CCL2) in Chromosome17q12 and it receptor, chemokine (C-C motif) receptor 2 (CCR2) in Chromosome 3p21.31 are important mediators of inflammation though their role as chemotactic cytokines that trigger both the migration and activation of leukocytes. Over 50 ligands bind to the G-protein-coupled chemokine receptors on the surface of leukocytes to regulate trafficking of these cells in response to innate and adaptive immune triggers. Knockout mice for these genes have been shown to manifest some AMD-like changes including drusen deposition and the development of choroidal neovascular membranes, thus it is reasonable to ask if there are AMD-related variants in these genes. However, to date, the results have been negative. (Chen et al., 2010a ) Despriet, 2008 While some may interpret these negative results as a rationale for discounting the role of CCL2 and CCR2 in the human form of AMD, one must consider the limitations of case-control association studies and the possibility that a common functional variant in either of these genes would be associated with serious immune deficiencies or autoimmune disorders.
Non-complement related genes involved with AMD
5.3.1 The 10q26 locus -ARMS2 versus HTRA1-The 10q26 locus was originally identified by family-based linkage analysis of affected sibpairs (Weeks et al., 2004) and later it was shown that this linkage signal could be accounted for by a common SNP in the region of a hypothetical transcript, LOC38776, which was in essentially complete linkage disequilibrium with two adjacent genes, PLEKH1 and HTRA1. (Jakobsdottir et al., 2005; Rivera et al., 2005) Case-control association studies confirmed the impact of this locus on non-familial AMD risk and virtually every ethnic population has shown consistent associations of this locus with AMD. The ARMS2 locus has been reported to have interactions with RAR-related orphan receptor A (RORA), a receptor involved in cholesterol transport and also associated with AMD. Silveira et al., 2010) . The ARMS2 locus has also be reported to have interactions with an inverse effect of hormone replacement therapy on AMD (Edwards et al., 2010) . However, there is controversy as to whether the ARMS2 transcript or the HTRA1 transcript is responsible for the AMD risk conveyed by the 10q26 locus.
Biological evidence has also been sought to elucidate the etiology of the 10q26 locus on AMD. In support of the hypothesis that the ARMS2 transcript is responsible for the association of this locus with AMD, investigators have established that the encoded mRNA and corresponding peptide is expressed in the retina (though it is disputed whether or not the ARMS2 protein is associated with mitochondria or the cytosol (Kanda et al., 2007; Wang et al., 2009a) . More recently, the ARMS2 protein has been described as a constituent of the extracellular matrix and may interact with Fibulin-6 (Kortvely et al., 2010) and that the mRNA has a unique splice form in the retina that is not common in other tissues. (Wang et al., 2012) Detractors have noted that the transcript is only found in primates, that localization studies of the protein have been confusing and contradictory, and that no function has been established for the protein encoded by this transcript. (Stanton et al., 2012) Without an animal model that can be genetically manipulated and also expresses this transcript, it is difficult to conduct studies of its biology.
In contrast, HTRA1 has been shown to be easily detectable in the retina with higher concentrations in the central macula. Overexpression of HTRA1 causes alterations in the elastic layer of Bruchs membrane (Vierkotten et al., 2011) and, as a serine protease, appears to cleave a number of proteins that regulate both the alternative complement pathway and amyloid deposition. A useful review of this controversy has recently been published. (Stanton et al., 2012) To a lesser extent than the ARMS2/HTRA1 controversy, there are other instances in which SNPs have been found to be associated with one or more forms of AMD and which are located in regions of linkage disequilibrium that cover two or more candidate genes. This has been true for the C2/CFB locus, which also extends to include the SKIV2L gene, for which an intronic SNP has been reported to be protective for three distinctive haplotypes. (Kopplin et al., 2010) It is not yet clear if this protective association can be attributed independently to this gene, located within the class III region of the major histocompatibility complex and which encodes a DEAD box protein with unknown function in the eye. As one considers the most recent genome-wide association studies for AMD, there are other instances in which multiple genes are potential candidates in the vicinity of one or more informative SNPs.
Genes and pathways implicated in AMD-Unlike the ARMS2/HTRA1
controversy in which we are dealing with at least one gene for which no known function is known, most of the other genes implicated by AMD genetic studies have a known or suspected role in the retina. Whether or not these "known" roles are the ones that make them relevant to AMD pathogenesis is not clear. There are many examples of proteins playing multiple roles in the body, in some cases serving structural, signaling and/or enzymatic roles. We can use pathway analyses to strengthen the case for the mechanisms of action when multiple genes within the same pathway are implicated in AMD, such as for the alternative complement pathway, as long as we recognize the current limitations of our current understanding of these complex and interconnected processes. There are recent efforts to use genetic analyses to identify how genetic variants affecting different pathways might alter the rate of progression or severity of AMD (Yu et al., 2012) , but such efforts are constrained by the numbers of AMD-affected individuals within genetic studies who are being followed in a prospective manner.
Basement membrane and extracellular matrix genes:
There is a wealth or research that has emphasized the maintenance of the basement membrane and the extracellular matrix as a contributing factor in AMD. In addition to histopathologic studies of AMD eyes, we have evidence of multiple genes whose gene products are critical to the structure and maintenance of the extracellular matrix and basement membrane. Some of these have been reported to have variants that are associated with the risk of AMD. Some of these associations have been replicated while others have not. Table 3 summarizes these genes that have been implicated in AMD and/or juvenile macular dystrophies. The last entry that is marked with an "*" has only been recently discovered by the AMD gene consortium to have an association with AMD and, like other examples encountered in this field, the informative SNP is in close proximity to two candidate genes, COL15A1 and TGFBR1.
[AMD consortium]
Lipid-related genes:
The first genetic variant that was demonstrated for AMD was in the ApoE gene. The role of lipid metabolism has been long recognized as a potential factor in AMD pathogenesis given the changes in the RPE and Bruch's membrane and because the lipid metabolic pathway also plays a critical role in the transport and metabolism of the retinoids and carotenoids (see reviews by Mettu, Sparrow, Jarrett, Bhutto, Handa). More recent studies demonstrating multiple interactions of lipid metabolism and the inflammatory pathways have created additional concepts as to how these processes may be interrelated in AMD pathogenesis. While some of the lipid metabolism genes that have been implicated in AMD associations may eventually fail to be replicated, as one can see from Table 4 , there is an aggregate body of evidence that makes a compelling case that the lipid metabolism pathway is a key element in AMD. The challenge in the coming years will be to decipher the mechanisms and connections of lipid biology that provide a reasonable basis for understanding AMD and finding useful targets for reducing risk and/or slowing disease progression.
Mitochondrial genetics:
Oxidative stress and lipid peroxidation have long been thought to play a role in AMD pathogenesis and thus there has been critical interest in the potential role of variants associated with nuclear genes that encode mitochondrial proteins as well as for those genes that are contained within the mitochondrial genome (see review by Jarrett). Damage to the mitochondrial genome in the RPE has been associated with aging and AMD severity Wang et al., 2008a ) and more extensive genetic alterations in the mitochondria of AMD patients has been observed. (Kenney et al., 2010) There has been only limited data regarding nuclear genes that are related to oxidative stress. There was an early report of an association of a polymorphism in Paraoxonase 1 (PON1) with AMD and later Ikeda et al (Ikeda et al., 2001 ) reported a protective variant GLN192Arg for wet AMD. A more recent case-control study by Baird et al. failed to replicate the prior protective association or establish an association of PON1 variants with AMD. (Baird et al., 2004) A more recent and larger study has shown a weak association of the PON1 Leu55Met variant with an increased risk of exudative AMD and a protective effect of the Gln192Arg variant. Two studies have evaluated variants in SOD2, superoxide dismutase-2 with respect to AMD and found no association. (Brion et al., 2011; Kondo et al., 2009 ) Mitochondrial genetics for AMD can be divided into those studies that have reported an association with a specific genetic variant, such as MTND2*LHON4917G (Canter et al., 2008) and those who have evaluated mitochondrial haplotypes for associations with advanced AMD (Jones et al., 2007; SanGiovanni et al., 2009; Udar et al., 2009) 
Vitamin D pathway genes:
There have been several studies suggesting an association of Vitamin D levels with the prevalent risk of AMD. (Millen et al., 2011; Parekh et al., 2007) To date, only one study has evaluated variants with those genes known to encode enzymes that are responsible for processing Vitamin D. These genes include the vitamin D receptor [VDR] ; cytochrome P450, family 27, subfamily B, polypeptide 1 [CYP27B1]; cytochrome P450, family 24, subfamily A, polypeptide 1 [CYP24A1]; and CYP27A1. Using a family-based cohort of 481 siblings and then a replication set of individuals from another family cohort and two case-control cohorts comprising 2,528 individuals, SNPs in CYP24A1 were demonstrated to influence AMD risk after controlling for other known genetic and exposure risk factors. (Morrison et al., 2011) The authors noted that all of the genes that were investigated in this candidate gene study of the Vitamin D metabolic pathway have been mapped within regions that have previously been shown to have linkage to AMD in family-based linkage analyses (Seddon et al., 2003) , though no analyses were done to establish that the variants in CYP27A1 were able to account for the observed linkage signal. The observed overlap could be coincidental, but could also reflect the potential of rare variants in one or more of these genes to have an impact on AMD risk. The initial report of VEGF polymorphisms-exudative AMD association (Churchill et al., 2006) was not replicated in the larger case-control study by Richardson et al (Richardson et al., 2007) nor by Fang et al.(Fang et al., 2009 ) Both studies employed tag SNPs in the VEGF gene. In a smaller case-control study of Chinese population in Taiwan, Lin et al (Lin et al., 2008) found no association of a VEGF haplotype with AMD but observed a strong association of a functional SNP, VEGF+936 C/T, with exudative AMD. This particular SNP was not in strong LD with the other VEGF SNPs that were tested. In contrast, another small case-control study in a Chinese population using both functional and tag SNPs for VEGF failed to find an association with exudative AMD. (Qu et al., 2011) Another group (Immonen et al., 2010 ) that employed tag SNPs for the VEGF gene, also failed to identify an association with exudative AMD. The Rotterdam Study (Boekhoorn et al., 2008) conducted a large population-based case-control study examining the associations of 3 common SNPs and haplotypes within the VEGF gene with incident early and late AMD and found no evidence for an association. This negative result, based upon a well-characterized and large number of cases and controls, has been difficult to reconcile with the positive associations for VEGF-related SNPs with both family-based and case control cohorts of advanced AMD and the results of the Oregon group who looked at the progression of AMD from early to advanced forms and found evidence of an association with the VEGF gene. ) Several recent large, collaborative case-control studies have provided compelling evidence of an association between VEGF and AMD risk. [AMD gene consortium]. To date, only one study has found evidence of a weak association between a rare VEGFR-2 haplotype and exudative AMD. (Fang et al., 2009) Finally, the most recent results from the AMD genetics consortium have implicated COL15A1 (Chromosome 9q22.33) and/or TGFBR1 (Chromosome 9q22.33) in AMD pathogenesis due to an informative, common SNP within the vicinity of both genes. While we do not know which gene (or possibly both) is biologically responsible for the observed association, both genes have been implicated in angiogenesis. COL15A1 is in the same class of collagens as COL18A1 that is cleaved to form the peptide, Endostatin, a potent inhibitor of angiogenesis. TGFBR1 is a TGF receptor that is a member of the same signaling pathway for angiogenesis described by the Ingenuity Pathway Analysis tool (Ingenuity Systems, Redwood, CA) [see AMD gene consortium paper].
Angiogenesis
Iron metabolism genes:
There has been considerable interest in the role of iron metabolism in the eye in general, and, specifically, with respect to AMD. A number of studies have documented changes in gene expression related to proteins that are critical in iron metabolic pathway in early and late AMD as well as the deposition of iron in the AMDaffected retinal pigment epithelium and basement membrane. (Chowers et al., 2006; Wong et al., 2007) To date, the genetic studies to establish a role of iron metabolism in AMD have been relatively weak. Nearly all of the recent studies of possible associations of transferrin and heme oxygenase-1 and -2 genes have come from a single group (Synowiec et al., 2011; Wysokinski et al., 2011a; Wysokinski et al., 2011b) and replication from larger cohorts has not been done. However, given the critical nature of iron metabolic pathways for the human body, one should not exclude the potential role of these genes in AMD. Table 5 have been implicated by either family-based or case-control association studies. For most of them, their potential role in AMD pathogenesis is still uncertain, partly because they are implicated by proximity with respect to a common SNP that is associated with one or more forms of AMD. For some, like MYRIP and ADAMTS9, one can make plausible arguments based on the known functions of the genes to strengthen their roles as AMD candidate genes. For the others, the evidence is less certain and more biological as well as genetic studies will be required.
AMD -associated genes of unclear significance-The genes listed in
The ocular-specific "trigger" for AMD
Nearly all of the genes that have been implicated in the risk for developing AMD do not have eye-specific expression patterns. The RPE strongly expresses many of the genes that encode regulators of the alternative complement pathway but there have been reports that systemic levels of complement factors may play a major role in the process. In the mean time, we know that drusen, which are hallmarks of AMD phenotype contain many other constituents such as beta amyloid (Ding et al., 2011; Kurji et al., 2010; Luibl et al., 2006; Wang et al., 2008b; Wang et al., 2009b) and alpha synuclein (Klegeris and McGeer, 2007; Okamoto et al., 2010) that are present in other deposits in the body in association with atherosclerosis and Alzheimer disease. At the same time, the epidemiologic evidence for a relationship among Alzheimer Disease, atherosclerosis and AMD has been relatively weak. (Roca-Santiago et al., 2006; Vingerling et al., 1995) Thus we are left with the question as to what is the basis of the tissue specificity of AMD, which results in these shared pathologic pathways resulting in an eye-specific disorder.] To date, the tissue-specific trigger for AMD pathogenesis in the eye is still unknown and is the subject of considerable study and conjecture (see Sparrow, see Handa).(Ref in journal) Unfortunately, the current genetic studies that have been done with human populations have not yielded any answers. The genes and pathways implicated in the molecular genetic studies provide key players in the process and potential targets for AMD pathogenesis, but until we understand this key issue, the puzzle will remain incomplete.
Genetic diagnostics for AMD
Several companies are now offering clinical services for those who wish to have a genetic estimate of their AMD risk. While there is strong evidence that those with the highest aggregation of high-risk variants are highly likely to develop AMD while those with the lowest aggregation of risk variants have a very low rate of developing AMD (Chen et al., 2010a; Seddon et al., 2009a; Spencer et al., 2011) , the current genetic models tend to lack the level of sensitivity and specificity that one would normally demand of a clinical test. (Jakobsdottir et al., 2009 ) The majority of individuals in the population are somewhere in the middle range of AMD risk and the predictive benefits of molecular diagnostic testing is low and potentially misleading. Most predictive models are based on comparing those with disease (usually advanced AMD) with controls (Gibson et al., 2010; Jakobsdottir et al., 2008; Schaumberg et al., 2007; Seddon et al., 2008 Seddon et al., , 2009a ) rather than prospectively assessing the incidence of disease in an aging population. Some recent efforts have attempted to improve the predictive modeling by considering exogenous factors such as smoking and diet, as well as clinical features of the retina, Hughes et al., 2007; Seddon et al., 2011; Spencer et al., 2011) but validation of these models in a young, at-risk population has not yet been established.
At present, there is no therapeutic intervention that can lower the risk of AMD incidence other than the relatively modest benefits suggested for the avoidance of smoking, intake of low glycemic index diet, an increased uptake of carotenoids (lutein and zeaxanthin), vitamin D (sufficient to avoid deficiency). However there is recent evidence that dietary interventions such as antioxidants, EPA/DHA, lutein/zeaxanthin and zinc can specifically reduce the impact of an individual's underlying genetic risk for developing AMD. (Ho et al., 2011) A number of clinicians have argued that genetic testing for AMD risk would provide additional motivation for patients to adhere to preventive measures. However, while such an approach might be effective for high-risk individuals, an intermediate or low genetic risk profile could act as a disincentive for the adoption of preventive measures. In addition, in the absence of disease, the knowledge of a high genetic risk for AMD can create anxiety and negatively impact quality of life in individuals as well as create guilt for those who develop disease having not adhered to the recommendations while creating disillusionment and anger in those who assiduously adhered to the risk-lowering measures and yet still developed the disease. Most clinicians who lack training of genetic counseling are not prepared to deal with the results of genetic testing and thus one has to approach such testing with a reasonable level of caution.
Genetic testing and risk prediction for AMD becomes more justifiable if there is a preventive therapy that involves an intervention that goes beyond good health practices (no smoking, balanced diet, exercise, reasonable nutrient supplements) and entails an element of risk or cost that makes it worthwhile to limit those treatments to only those with increased risk. The challenge will be to find the optimal risk-benefit point along the AMD-risk profile for every given age so that one can decide which individuals should receive those treatments and at what age to start the intervention (which presumably would be ongoing for the rest the person's life). To date, no such age-dependent risk-benefit model has been developed based solely on a genetic risk model for any disease, though some efforts have been made in trying to decide when to intervene in breast cancer for people with BRCA1 or BRCA2 mutations. Given the exogenous factors that may contribute to AMD risk, as well as the uncertainties as to how to quantitate the risks and benefits of a therapy that has not yet been developed, this could prove highly elusive. It is unlikely that a monotherapy will be equally effective in preventing the manifestations of a complex genetic disorder among a genetically diverse group. It is also reasonable to expect that the potential side effects of any such monotherapy will also be affected by an individual's personal genetic profile. We are coming to realize that even compounds such as vitamins may have adverse effects on some disease risks while lessening the risk for other conditions. As a result of these complexities, as well as the fact that multiple disease-risks are age-dependent, a medication may only be appropriate for those with the highest risk of developing AMD starting at age 40, and might or might not be appropriate in patients with moderate risk and early retinal changes at age 65 or 70. If one can show that some genetic variants can determine the risk of developing the side effects or complications of the medication, then this could also be integrated into the decision-making process. This approach represents the "dream" of personalized medicine, but the reality of implementing this in an evidence-based fashion will be challenging without enormous cohorts and a willingness of the health care system to allow such strategies to be tested for the general population and then subsequently refined. It should be appreciated that using genetic (and nongenetic) risk factors to identify high-risk cohorts could have an immediate benefit in reducing the size and duration of AMD-related clinical trials. Many clinicians already use a combination of clinical features (such as early onset of drusen with high risk characteristics or numbers) and a family history of AMD to identify individuals for whom life style modifications and AREDS supplements are recommended. However the effectiveness of such interventions and their timing remain untested.
There is clearly a desire to use our knowledge about the causality of AMD that has been inferred from genetic studies to identify new targets for therapy. This has been the driving force in the use of complement inhibitors to alter the course of AMD. As additional pathways are defined as playing a role in the etiology of AMD, new potential targets for therapy will be identified and pharmacologic interventions will be developed.
Pharmacogenetics and Genetics-based therapeutics for AMD
There is also considerable interest in using genetic testing as a means of predicting the likelihood that a person will respond favorably (or unfavorably) to therapy. Several small scale studies have been done, (Shastry, 2010) (Bessho et al., 2011; Kloeckener-Gruissem et al., 2011; Teper et al., 2010) , but this approach has limited benefits at this time, since a relative difference in response to therapy associated with genotypes would not be clinically relevant to the choice of existing treatments and when to switch from one therapy to an alternative. The most effective current treatments for exudative AMD are anti-VEGF medications that all work via the same mechanism. There have been several attempts to identify genetic variants associated with response to anti-VEGF therapy. One group (Immonen et al., 2010) using tag SNPs for the VEGF gene, failed to identify an association with exudative AMD and yet they found two VEGF SNPs that were significantly associated with the response of patients to photodynamic therapy (PDT) using Vertiporfin and infrared laser) for choroidal neovascularization. A subsequent study also looked at the role of VEGF variants with respect to the response to PDT therapy in a Japanese cohort, and did not find any association, though they did observe a relationship of HTRA1 and CFH variants with PDT responders. Similarly a study of treatment response to intravitreal anti-VEGF therapy (ranibizumab) in a Swiss cohort (Kloeckener-Gruissem et al., 2011 ) also failed to find associations with VEGF polymorphisms though CFH and FZD4 alleles appeared to collectively impact the treatment outcome. However these initial studies do not provide compelling evidence that there are genetic variants or a genetic profile that would alter the preference of one medication in this class of drugs as compared to another for a given individual. At this time, there is no genetic rationale for determining or modifying one's choice of therapy for exudative AMD for an individual, regardless of their genetic risk profile. Every therapy has a certain percentage of treatment failures and one might consider using a patient's genetic profile to guide when one would switch to an alternative, combined therapy, but given that none of the current studies have shown such dramatic differences based on genetic risk profiles, there would be little justification for such actions. See: Parmeggia et al and Nakata el al Parmeggiani et al., 2011) The dream of every AMD geneticist is that one or more of the genes that have been identified from family-based or case-control association studies will prove to be a suitable target for a definitive therapy to block the development of AMD or to arrest its progression. However as we learn more about this complex genetic disorder, many of us are coming to realize that, with the exception of a relatively small number of individuals and families who develop their AMD as a result of a highly penetrant and rare genetic variant (such as the one described recently by xx et al for CFH), we cannot view the treatment of AMD in the same fashion that we would think of a monogenic disorder in which a single genetic lesion is causative of disease. To date, the effects of the multiple genes that have been implicated in AMD incidence and/or progression act predominantly in an additive fashion suggesting that each genetic variant contributes independently to the overall risk to the individual. In practical terms, we do not know if the future therapy for AMD will be multifactorial and potentially involve a combination of diet, lifestyle and pharmacologic interventions or if we will be able to have a major impact on the condition, despite its diverse genetic and nongenetic contributors, by acting upon a single pathway. The situation may ultimately be like the treatment of essential hypertension, with a variety of therapies that have variable efficacies for different individuals. Today, we use an empiric approach towards the treatment of essential hypertension, offering the patient one of several standard medications and a prescription for lifestyle and dietary changes and then we add or modify those medications based on a clinical response. Only in rare cases, do we employ genetic testing of an individual to customize their hypertensive treatment. In contrast, for AMD we don't have the appropriate biomarkers to monitor a person's response to any AMD preventive therapy. We are still developing the tools for accurate quantitation of the AMD phenotype when the person has clinical findings in order to monitor disease progression. There is no clinical equivalent of a blood pressure measurement to assess a person's response to an AMD-related preventative therapy. In contrast, we do have such clinical tools for assessing a person's response of their exudative AMD to intravitreal anti-VEGF therapies.
The technologies for sequencing the entire exome of an individual and even their entire genome are rapidly approaching a level of cost and availability so as to be feasible in clinical practice. However, unless we establish a means of incorporating all of the potential rare and private genetic variants that can contribute to AMD risk with the common variants that we have already discovered, our ability to use molecular genetics predictive testing for AMD will be limited to those who are at the extreme poles of risk based on the common variants and we will miss those rare cases whose AMD (or AMD-like) disease is arising from a rare mutation. The solution to this dilemma may rest in the combination of the common genetic variants and clinical biomarkers (which may include early retinal changes as well as serum proteomics and metabolomics) that may allow us to better discriminate those with intermediate levels of AMD genetic risk who will be likely to develop visionthreatening AMD from those who will simply accumulate a few drusen. The sensitivity of these dynamic biomarkers during the course of a person's lifetime as well as the costs, risks and benefits of the potential therapies will determine at what stage we can reasonably intervene to alter the course of this disease. Molecular geneticists, through family-based linkage and association studies and by case-control association studies, can take credit for having brought a revolutionary degree of understanding and direction to the work on AMD that continues to be driven by the clinicians and researchers in all of the life and basic sciences. Even as we move forward with the newest genetic analytical methods and genomic technologies, we will be integrating these efforts with all of the modern research strategies and methods to both make sense of the discoveries during this past decade and to find the path towards bringing this knowledge into the realm of clinical practice so that we can protect the vision of our elderly population throughout the rest of their lives. Table 1 Chromosomal Loci with linkage to AMD based on family studies and corresponding candidate genes as determined by case-control association studies Table 2 Genes associated with the Alternative Complement Pathway Genes associated with the Extracellular Matrix and Basement Membrane structure and maintenance 
